Much remains unknown about submarine explosive eruptions. Their deposits are found to great depths in all the world's oceans, but eruptions are typically described by analogy to a subaerial nomenclature that ignores the substantial and inevitable infl uences of hydrostatic pressure and magma-water interaction at submerged edifi ces. Here we explore magmatic volatile exsolution and magma-water interaction for a pyroclastic cone-forming eruption at ~1 km depth on Loihi Seamount, Hawaii. We examine vesicle textures in lapilli-the physical manifestation of degassing; dissolved volatiles in matrix glasses and olivine-hosted glass inclusions-the geochemical record of ascent and volatile exsolution; and fi ne ash morphology-the evidence for if and how external water assisted in fragmentation. This approach allows a submarine explosive eruption style to be defi ned: the magma achieved ~40% vesicularity through almost perfectly closed-system volatile exsolution from ~3 km below the vent, which accelerated and weakened the melt, allowing it to be fragmented by explosive magma-water interaction. We introduce the name "Poseidic" for this end-member style of submarine basalt explosivity. Poseidic eruptions are identifi able from measurable features in pyroclasts, and are possible at all subaqueous basaltic volcanoes.
INTRODUCTION
Explosive submarine eruptions have been described by analogy to subaerial eruption styles for which deposit dispersal is a defi ning characteristic (Walker, 1973) , with later modifi cations to the subaerial classifi cation scheme incorporating varying mechanisms of magma ascent and degassing (Wilson and Head, 1981; Vergniolle and Jaupart, 1986; Parfi tt, 2004; Houghton and Gonnermann, 2008) . Most researchers have interpreted submarine explosive eruptions as Strombolian (Davis and Clague, 2006; Clague et al., 2008; Sohn et al., 2008) , driven by the accumulation and escape of volatiles at unknown rates, from magma bodies of unconstrained sizes, at indeterminate depths. Such scenarios are diffi cult, if not impossible, to test. Deposits have been characterized from small, almost exclusively fi ne-grained samples (Clague et al., 2003 (Clague et al., , 2008 Davis and Clague, 2006; Sohn et al., 2008) , and are often from unidentifi ed vents. These provide little textural, and no dispersal, evidence to support analogies with subaerial eruptions of any type. Here we show that at Loihi Seamount, Hawaii, early closed-system degassing into small vesicles that remained mechanically coupled to their host melt (volatile-coupled degassing) facilitated later interaction of the ascending melt with seawater to drive violent eruptions. This submarine explosive eruption style, here termed "Poseidic," is the fi rst to be analytically defi ned.
LOCATION, DEPOSIT, AND METHODS
Loihi Seamount is the youngest Hawaiian volcano. Located ~35 km southeast of the island of Hawaii (Fig. 1A) , it rises ~3-5 km from the seafl oor, to an ~12 km 2 summit plateau at ~1200 m below sea level (mbsl) (Fig. 1B) . The summit plateau has several conical landforms that reach just under 1 km depth, and three pit craters, one of which formed in the most recent eruption (A.D. 1996) of Loihi's ~400 ka history (Moore et al. 1982; Garcia et al. 2006 ).
Here we describe the southern cone on the southeast summit plateau of Loihi (18°54′N, 155°15′W), examined in October 2006 with the Hawaiian Undersea Research Laboratory's Pisces IV submersible. The cone is ~60 m high, 4 × 10 6 m 3 in volume, with a faintly discernable summit rim we interpret as the edge of a partly infi lled crater at ~1080 mbsl (Fig. 1C) . We collected fi ve large samples of lapilli (2-64 mm)-dominated material from ~1292-1100 mbsl on the cone fl anks (Fig. 1C) , on which occasional subspherical bombs as large as 40 cm were observed, but not collected intact. Our severalkilogram samples are unique in their volume, grain-size range, and fi eld characterization, and allow us to use measurable features from a range of the pyroclasts to rigorously interpret eruption style.
The bulk densities of 225 lapilli were measured following the technique of Houghton and Wilson (1989) , who included error estimates for such measurements. Vesicle textures were examined on standard polished thin sections. Major element glass compositions of lapilli, ash (glass selvages on olivine crystals sieved directly from the samples), and olivine-hosted glass inclusions, were determined by quantitative energy-dispersive electron microprobe. H 2 O and CO 2 contents were determined by transmission Fourier transform infrared spectroscopy (FTIR) on lapilli glasses, and by secondary ion mass spectroscopy (SIMS) on ash and glass inclusions. FTIR and SIMS have been shown to yield comparable results for volatile analysis (Hauri et al., 2002) . Analytical operating conditions are given in the GSA Data Repository. l Fine ash particles were examined and characterized using scanning electron microscopy. on October 5, 2010 geology.gsapubs.org Downloaded from (mostly 0%-20%, reaching ~40% only in rare pillow lavas; Moore et al., 1982; Garcia et al., 2006) , and overlapping the range for subaerial Hawaiian (45%-95%; Cashman and Mangan, 1994) and Strombolian (40%-76%; Lautze and Houghton, 2005; Polacci et al., 2006) pyroclasts ( Fig. 2A) . Quenched sideromelane rims on the Loihi clasts have ~34% subspherical to polylobate vesicles. Tachylite interiors have ~45% vesicles, similarly shaped, but with an additional subpopulation of small subspherical vesicles ( Fig. 2A) . No signifi cant vesicle coalescence is apparent. Vesicularity is much less than 70%, and vesicles are not signifi cantly interconnected, indicating that the magma had limited permeability (Polacci et al., 2006; Namiki and Manga, 2008) . Vesicle textures in Loihi lapilli resemble those in scoria from the 1959 Kilauea Iki Hawaiian fi re fountains (Fig. 2B ). Observed episodicity of Kilauea Iki fountains implies some degassing variability (Houghton and Gonnermann, 2008) , but late-stage exsolution of magmatic H 2 O in this classic Hawaiian fountaining eruption was melt-coupled (Parfi tt, 2004) , producing many small, spherical vesicles in its ejecta. We infer similarly strong volatile coupling for the southern cone's magma, but note that Hawaiian eruptions are not unique in having volatiles remain coupled; the same is true of more-vigorous Plinian eruptions (Houghton and Gonnermann, 2008) . Loihi clasts lack the large complex-shaped bubbles ( Fig. 2C ) common in subaerial Strombolian ejecta (e.g., Lautze and Houghton, 2005; Polacci et al., 2006) .
VOLATILE EXSOLUTION PROCESSES
The ~1 km depth of Loihi's summit is of interest for volatile exsolution dynamics. At this ~10 MPa pressure, CO 2 has limited solubility in basalt , but H 2 O solubility is controlled in large part by the CO 2 -H 2 O-magma system evolution. If exsolved CO 2 -rich fl uids remain in contact with the melt, they thermodynamically stabilize CO 2 +H 2 O fl uids, facilitating subsequent exsolution of water (Holloway, 1976; Dixon and Clague, 2001; Newman and Lowenstern, 2002) , so that volatile coupling greatly infl uences eruption style.
Lapilli and ash matrix glasses are geochemically identical (Fig. 3A) , indicating that the southern cone was derived from a single batch of magma. Southern cone glass inclusions are subspherical, hosted in slightly zoned (Fo 86-85 ) olivine crystals. Matrix glass compositions can be obtained by <15% olivine fractionation from glass inclusion compositions, with scatter in the inclusion compositions refl ecting variable post-entrapment crystallization of Cr-spinel (Figs. 3A and 3B) . Because the chemistry of lapilli and crystals sieved directly from the deposit does not vary with sample site, the exsolution paths captured represent volatile systematics in the southern cone magma as a whole, not just in an isolated parcel of magma preserved as a single olivine-bearing clast or lava sample.
A plot of CO 2 versus H 2 O (Fig. 3C) shows that the matrix glasses and glass inclusions fi t a closed-system, volatile-coupled exsolution path from the most CO 2 -rich inclusion measured (Holloway, 1976; Newman and Lowenstern, 2002) ; but not an open-system, volatile-decoupled path. The special case of volatile decoupling, with CO 2 -rich magmatic fl uids fl uxing through the magma to induce H 2 O exsolution without the development of vesicles (Rust et al., 2004; Spilliaert et al., 2006) , is unlikely for the southern cone melt because degassing trends in Figure 3C crosscut vapor isopleths, and vesicle textures suggest that the magma permeability required for such fl uxing would have been negligible (Polacci et al., 2006; Namiki and Manga, 2008) . Our data indicate that: (1) both CO 2 and H 2 O exsolved and contributed to vesiculation; (2) bubbles were insuffi ciently interconnected for permeable gas on October 5, 2010 geology.gsapubs.org Downloaded from loss or fl uxing; and (3) the magma rose quickly enough to prevent buoyant bubble decoupling. This scenario is consistent with observed vesicle textures, and inconsistent with Strombolian degassing, which is characterized by open-system decoupling of gas slugs. It is partly analogous to Hawaiian or Plinian degassing, but with a critical difference imposed by hydrostatic pressure. Magma at Kilauea volcano that loses the bulk of its CO 2 by open-system degassing in a summit reservoir may still fountain due to volatile-coupled exsolution of magmatic H 2 O alone (Gerlach and Graeber, 1985) , whereas at Loihi, coupled degassing of CO 2 and H 2 O is required, from at least several kilometers deep in the magmatic system.
Equilibrium entrapment pressures of southern cone glass inclusions, calculated from volatile solubility Newman and Lowenstern, 2002) , range from 16 to 78 MPa, and indicate progressive entrapment by crystals growing in an ascending melt (Fig. 3D) . Magma between the 8-9 km shallow storage zone at Loihi (Garcia et al., 2006) and the deepest (~3 km, lithostatic) inclusion analyzed is not represented in the data. Ash (glass selvages) equilibrated to 15-16 MPa, ~200 ± 20 m (lithostatic) below the southern cone vent, while lapilli equilibrated to pressures of only 5-7 MPa, ~500 ± 100 m (hydrostatic) above the vent. Ash pressures probably represent quenching of effi ciently fragmented melt at the fragmentation surface, with lapilli glasses recording additional volatile exsolution above the vent in the eruptive jet (Head and Wilson, 2003) .
FRAGMENTATION
Fragmentation ultimately differentiates an effusive from an explosive eruption, and evidence for specifi c mechanisms of fragmentation is preserved in the morphology of fi ne ash (Büttner et al., 2002; . Figure 4 compares blocky Loihi ash particles having scallop-stepped surface fractures, adhering microparticles, and surface pitting, with ragged Kilauea Iki ash particles having shapes defi ned by smooth vesicle walls. The Loihi grains are typical hydromagmatic "active particles" (Büttner et al., 2002) , diagnostic of highly energetic thermohydraulic explosions (Büttner et al., 2002; , while Kilauea's grains are diagnostic of magmatic fragmentation. The active particles are of critical signifi cance. They are formed by the most effi cient mechanism of thermal-tomechanical energy transfer known in volcanic systems , and a small proportion of them (<10% of ash grains) in the deposit represents the dominant fragmentation mechanism.
At ~42% vesicularity, and with low permeability, a magmatic contribution to fragmentation resulting from rapid overpressurization of bubbles (Spieler et al., 2004) or inertial effects (Namiki and Manga, 2008 ) is possible, but unlikely. The CO 2 in vesicles at >7.3 MPa (~730 mbsl) is a relatively dense supercritical fl uid that would accelerate melt less quickly than the H 2 O-dominated vapor in vesicles at a subaerial vent (Papale and Polacci, 1999) ; the low viscosity of basaltic melt allows rapid bubble expansion without fragmentation. Uncoalesced vesicles preserved in lapilli ( Fig. 2A) did not burst, and there are no textural indicators of magmatic fragmentation in the southern cone ash particles.
Unlike fi ne ash grains, coarse lapilli in Loihi's southern cone (as in Fig. 2A ) are morphologically nondiagnostic of fragmentation mechanism. They have incomplete sideromelane rims and are subequant and fracture bounded, suggesting derivation by breakup of decimeterscale bombs, like those that are visibly intact in the deposits but too brittle to recover. We infer that initial in-conduit weakening of the melt due to magma vesiculation and rapid acceleration was amplifi ed into wholesale fragmentation by additional mechanical energy released from the localized thermohydraulic explosions that created the active particles. This proceeded by a combination of direct shock effects, accelerations away from explosion sites, and hydrofracturing by steam or water driven through the magma (Austin-Erickson et al., 2008) . Thermohydraulic explosions did not simply overprint otherwise fountaining magma; they occurred below the vent level, initiating and dominating fragmentation. Equilibration pressures of fi ne ash defi ne a hydromagmatic fragmentation level ~200 m below the vent (Fig. 3D) , where explosions would have signifi cantly enhanced particle dispersion, driving high eruptive jets that explain lapilli equilibration pressures well above the vent (Head and Wilson, 2003) . Subsequent quenching of particles in water then prevented welding after deposition.
DISCUSSION
Subaerial Strombolian bursts require volatile decoupling from relatively stagnant melt, whereas Hawaiian fountains and Plinian jets are driven by volatile-coupled exsolution in more rapidly ascending melt (Wilson and Head, 1981; Parfi tt, 2004; Houghton and Gonnermann, 2008) . There is a natural continuum between these eruption styles: one often passes into the other over time, degassing may be complicated by permeable gas loss and/or post-fragmentation vesiculation (Mangan et al., 1993; Cashman and Mangan, 1994; Mangan and Cashman, 1996; Polacci et al., 2006; Houghton and Gonnermann, 2008) , and volatile fl uxes measured at subaerial volcanoes commonly confi rm decoupling of a deep-exsolved gas fraction, even in sustained eruptions (Allard et al., 2005) . Vesicle textures and volatile measurements indicate that southern cone Loihi magma ascended and degassed in a near-perfect volatile-coupled system and can be taken, from an in-conduit perspective, to represent an end-member of volatile behavior in a system more coupled than even type examples of Hawaiian fi re fountaining.
The traditional view that hydrostatic pressure at submarine vents precludes effi cient volatile exsolution and limits explosive potential refl ects the observation that lavas are volumetrically dominant on the seafl oor (Moore et al., 1982; Garcia et al., 2006) . Strong coupling of volatile-phase bubbles with magma, as captured in this study's pyroclasts, may be a necessary precondition to effi cient vesiculation that helps facilitate explosive magma-water fragmentation (Trigila et al., 2007) and propel magma to drive vigorous, cone-forming submarine explosive eruptions of basalt at depth. Without seawater for hydromagmatic fragmentation, the southern cone magma would still likely have erupted in vigorous effusion but without pervasive fragmentation . This eruption style, which we term "Poseidic," accounts for both hydrostatic pressure constraints to degassing, and specifi c effects of magma-water interaction.
CONCLUSIONS
Submarine pyroclastic deposits must be treated as distinct from subaerial ones. Comparisons to subaerial eruptions are useful, but have limitations: hydrostatic pressure limits volatile exsolution, interaction of magma with seawater is inevitable, and eruption into deep on October 5, 2010 geology.gsapubs.org Downloaded from water dramatically reduces vent-exit decompression. Together, these produce nonlinear differences in degassing history and fragmentation, dominate plume dynamics, and infl uence particle transport and dispersal in uniquely submarine ways. The Poseidic eruption style is the fi rst to be characterized fully on the basis of measurable deposit and pyroclast features. More work, especially on pyroclastic deposits below ~1 km, is required to assess the role of Poseidic eruptions in the deep ocean, and the extent to which other submarine pyroclastic eruptions are driven by decoupled rather than coupled volatile volumes. Poseidic eruptions are possible at any subaqueous basaltic volcano. Because these are the most abundant volcanoes on Earth, we expect that Poseidic eruption products will be recognized in many seafl oor sequences worldwide.
